Abstract The unique physico-chemical properties of gold nanoparticles portrayed in their chemical stability, the sizedependent electrochemistry, and the unusual optical properties make them suitable modifiers of various surfaces used in the fields of optical devices, electronics, and biosensors. In this work we present two different methods to obtain metallic gold nanoparticles at a liquid-liquid interface, and to control their growth by adjusting the experimental conditions. Decamethylferrocene (DMFC), used as an oxidizable compound dissolved in an organic solvent that is spread as a thin film on the surface of graphite electrode, serves as a redox partner to exchange electrons across the liquid-liquid interface with the other redox counter-partner 
Introduction
In the last two decades, nanoscience became an important research area dealing with materials sized to an atomic level. Nanoparticles of different materials attracted considerable attention mainly due to their high potential for numerous applications in advanced technologies. The surface, electronic, and optoelectronic properties of many materials are significantly affected by the size and the nature of the nanoparticles. The specific physico-chemical features of nanoparticles make them quite suitable for designing various sensing devices, such as electrochemical and bioelectrochemical sensors. In this respect, the nanoparticles of the noble metals and various noble metal oxides are seen as crucial factors in improving the sensing properties of many electrodes towards important substrates. Numerous chemical methods have been developed for preparation of metal particles in a single phase [1] [2] [3] including those for controlling their surface morphology and properties [4] [5] [6] . Among a variety of experimental methodologies, electrochemistry provides numerous possibilities for preparation and the size control of the metal nanoparticles, as demonstrated, for instance, by Reetz and Halbig [7] . Besides single-phase preparation methods, particularly attractive are those reporting metal deposition at the interface between two immiscible liquids [4, [8] [9] [10] , most frequently, between two immiscible electrolyte solutions (ITIES) [11] [12] [13] [14] [15] [16] [17] .
The liquid interface is a unique environment separating two liquids having quite different physical and chemical properties [18] . Due to its molecular smoothness, the liquid-liquid interface is seen as important environment for fundamental study of the metal deposition at a defect-free boundary. On the other hand, the liquid interface enriched with metal nanoparticles is of exceptional importance for catalysis and sensor technologies. A four-electrode set-up has been frequently applied to study the deposition of metal particles at ITIES, as in the case of silver and copper [19] deposition. Cheng and Schiffrin [20] reported formation of gold nanoparticles at ITIES, while palladium deposition has been studied by Johans et al. [21] [22] [23] . Dryfe et al. [24, 25] studied the role of interfacial potential on the deposition of platinum and palladium at a bare and templated liquid interface, suggesting strategy for morphological characterization of the metal particles. Samec et al. [26] demonstrated that Pt deposition at water/1,2-dichloroethane is controlled by the interfacial kinetics, while the activity of the Pt particles at the interface does not differ significantly from that of the bulk metal phase. In addition, a procedure for preparation of polymer-coated metal particles at ITIES was recently published [27] . Scholz et al. [16, 28] developed an electrolles methodology for silver deposition at the ITIES, while tuning the morphology of the metal deposit from silver nanowires to a smooth silver film. Recently, we reported the first usage of thin organic filmmodified electrodes for preparation of Ag nanoparticles at ITIES, and we studied their catalytic properties toward various biosubstrates [29, 30] . Song et al. [31] used similar electrode set-up to study the transfer of [AuCl 4 ] − from water into toluene, followed by an electrode reduction and formation of a highly porous metallic gold on the electrode surface, rather than formation of individual Au nanoparticles at the liquidliquid interface.
In the present study, we demonstrate that the thin organic film-modified electrodes can be further effectively exploited for deposition of metallic gold nanoparticles at the water/ nitrobenzene (w/nb) interface. The electrode set-up ( Fig. 1) consists of a black graphite electrode, covered with a thin film of nitrobenzene, containing decamethylferrocene (DMFC) as a lipophilic redox active compound and a suitable organic electrolyte. The modified electrode is immersed in an aqueous electrolyte solution containing [AuCl 4 ] − (w) ions to prompt spontaneous heterogeneous redox reaction with DMFC(nb), yielding a gold deposit at the liquid interface. Such electrode assembly, together with the three-phase electrodes with a droplet configuration [32] , is highly sensitive to the charge transfer phenomena at the liquid interface, providing a basis for studying thermodynamics of ion transfers [33, 34] as well as the kinetics of ion [35, 36] and electron transfer reactions [37, 38] . Hence, when the heterogeneous electron transfer reaction occurring at the liquid interface results in formation of a metal deposit at the interface, it is expected that the electrochemical response of the modified electrode will be strongly affected, which is the basis of the present experimental work.
Two different strategies for preparation of Au deposit have been applied: (1) 
Experimental section
All chemicals used were of analytical grade purity. DMFC was purchased from Fluka. Other chemicals were Merck products. The two solvents, water and nitrobenzene, were mutually saturated. Nitrobenzene solution contained 50 mmol/L DMFC and 0.1 mol/L tetrabuthylammonium perchlorate (Bu 4 NClO 4 ) as an organic electrolyte. For preparation of all aqueous solutions, redistilled water was used.
A graphite rod (black graphite), GrafTech, UCAR SNC, La Lechere France with a diameter of 0.113 cm has been used as a working electrode. Before modification with nitrobenzene solution, the surface of the electrode was polished on a SiC paper, treated in an ultrasonic bath for about 1 min in water, rinsed consequently with methanol, and dried on air. Thereafter, ca. 0.3 μL nitrobenzene solution was imposed on the electrode surface, while a thin film was formed by spontaneous spreading of the organic solution. An Ag/AgCl (saturated KCl) was the reference, while Pt wire served as an auxiliary electrode. Cyclic voltammetry (CV) and square-wave voltammetry (SWV) have been conducted by using μAUTOLAB III multipurpose potentiostat/ galvanostat (Eco-Chemie, Utrecht, Netherlands).
Optical microscopy images were recorded with optical microscope DZ3 (Union, Japan) equipped with Suruga manipulator (1.5-to 70-fold magnification), connected to a video camera Sony 3CCD Exwave HAD.
AFM measurements were carried out with an atomic force microscope Dimension 3000 with an Extender Electronics Module from Veeco. The microscope was settled on an anti-vibration table in a closed box. The scans were made in tapping mode using n-doped Si-probe tips with 125-μm lengths, i.e., the n-doped Si-probe tip touched the surface of the sample, and several scans were performed on various spots. The drive frequency of the n-doped Si-probe tip was 315.1733 KHz, while the scan rate (time for measuring one line of the image) was 1 Hz. The images were scanned in topography, amplitude, and phase mode, with a resolution of 512×512 pixels. Rounded glass cover slips with a diameter of 25 and 0.17 mm thickness were used as substrates, at which the Au deposit was prepared following ex situ deposition protocol.
The SEM images were performed with Nova NanoLab 200 Dual Beam Microscope, a product of FEI (USA), using accelerating voltage of 10 kV (HV) and ETD as a detector. The energy dispersive X-ray spectroscopy spectra were recorded by using EDAX detector of AMETEK (USA), connected to the microscope. About 500 scans were accumulated to obtain the composition of the samples.
All experiments were performed at room temperature. ] at different times in an ex situ deposition protocol. The main feature of the recorded voltammograms is the strong decreasing of the voltammetric response that is proportional to the incubation time. In addition, the peak potential separation increases slightly for deposition times from 0 to 400 s. For longer deposition times, the potential of the peak-topeak separation is significantly enlarged. When the deposition time was longer than 900 s, the voltammetric response of the modified electrode virtually vanishes (curve 5 in − (w) resulted in formation of an Au deposit in a form of a wire at the w/nb interface. Under these conditions, the deposition process was quite rapid, resulting in a dense metal deposit rather than formation of Au nanoparticles. Yet, as implied by the AFM images of the adjacent region to the Au wire (Fig. 4a) , the deposition starts by formation of about 100 nm clusters that gather together, and form a relatively compact film. The overall deposition process depends predominantly on the concentration ratio of the two redox counter-partners, i.e., − (w) concentrations. This is shown more precisely in Fig. 6b , where the ordinate displays the current variation rate v0ΔI p , a /Δt, where ΔI p , a is the difference in the anodic peak current between two successive potential cycles, and Δt is the time elapsed between two sampling points (i.e., Δt is equal to the time of a single potential cycle).
Results

Besides the concentration ratio of DMFC(nb) and [AuCl 4 ]
− (w) ions, the rate of Au deposition is expected to be dependent on the potential difference at the w/nb interface, defined as Δ nb w ϕ ¼ ϕ nb À ϕ w , where ϕ is the symbol for the inner potential. In the present experimental arrangement, the potential difference Δ nb w ϕ is predominantly controlled by the partition of common ClO 4 − ions, being present in a large excess compared to all other ionic species in the system. The deposition process was studied with SWV for three different concentrations of ClO 4 − (w), while keeping all other participants at a constant level. The results summarized in Fig. 7 show the net peak current decreases more rapidly by increasing the aqueous concentration of ClO 4 − (w), indicating acceleration of the gold deposition as the potential at the water side is becoming more positive.
In order to inspect the influence of the gold deposit to the kinetics of the overall electrochemical process at the modified electrodes, a series of experiments has been performed by varying the scan rate (in CV) and frequency of the potential modulation (in SWV experiments). Previously, the electrode was in situ modified with a gold deposit in a solution containing 100 μmol/L [AuCl 4 ] − (w) until reaching a stable cyclic voltammetric response. In the absence of the Au deposit, peak potentials of both cathodic and anodic CV peaks are independent on the scan rate for ν≤300 mV s −1 (data not shown). However, in the presence of the Au deposit, the peak potential separation increases in proportion to the scan rate, even in the region of moderate scan rates (5≤ν/(mV s −1 )≤100), as depicted in Fig. 8a . This implies that the Au deposit affects significantly the rate of the electrochemical process at the modified electrode. The kinetic effects were also analyzed following the methodology of the quasireversible maximum in SWV [35, 36] . This requires inspection of the frequency normalized net peak current ΔI p f −0.5 versus log (f). Within the quasireversible kinetic region, this dependence has a parabolic shape, with a maximum located at a critical frequency (f max ), which is proportional to the standard rate constant. Figure 8b compares the quasireversible maxima measured before (curve 1) and after modification of the w/nb interface with a gold deposit (curve 2). In the absence of the Au deposit, the critical frequency is f max 025 Hz (curve 1 in Fig. 8b) , whereas in the presence of the Au deposit, only the descending part of the quasireversible maximum was observed (curve 2 in Fig. 8b ), revealing the maximum is positioned in a frequency range lower than 8 Hz, (i.e., the lowest available frequency with the used instrumentation). These results agree with the previous CV data, confirming that the gold deposit impedes significantly the rate of the electrochemical process at the modified electrode. Once formed at the liquid interface, the gold deposit can act as an effective catalyst for electron transfer reactions between DMFC(nb) and redox reactants present in the aqueous phase. . In such scenario, it was observed that the response of the goldmodified thin film electrode is significantly higher than the corresponding response recorded in the absence of the gold deposit.
Discussion
The overall electrochemical process at thin organic filmmodified electrodes proceeds as a complex electron-ion coupled reaction (1) . In the present system, the electrode reaction of the lipophilic redox compound DMFC (2) is accompanied by the concomitant transfer of chargecompensating ClO 4 − anions across the w/nb interface (3):
As demonstrated in a series of previous studies [35, 36] , the ion transfer reaction (3) is the rate-limiting step of the overall electrochemical process (1). This feature makes the system particularly sensitive to the nature of the liquidliquid interface, which provides the basis for electrochemical monitoring of the metal deposit at this liquid border.
In the presence of [AuCl 4 ] − (w), a spontaneous interfacial redox reaction with DMFC(nb) is taking place to produce metallic gold at the w/nb interface, as it is confirmed by the results presented in Figs. 3 and 4 . Our results, as well as the findings of others [20] , imply that the redox reaction is of heterogeneous nature, where the two redox partners exchange electrons across the liquid interface, while being embedded in different liquid phases. The overall process can be rationalized 4 ] was 100 μmol/L. The instrumental parameters were: frequency f020 Hz, amplitude E sw 050 mV, and potential step dE01 mV. The other conditions are the same as for Fig. 2 with Eq. 4. Even though, from a mechanistic point of view the process is certainly much more complicated.
The latter reaction holds true, at least, for the commencement of the heterogeneous redox reaction at the liquid interface. Thereafter, as soon as clusters of gold deposit are formed at the liquid interface, they could act as kind of bipolar electrodes, thus conducting the electron transfers between DMFC(nb) and [AuCl 4 ]
-(w). In such scenario, the rate of reaction might not depend any longer on the electron transfer rate across the liquid interface (reaction 4), and it can be controlled by the rate of the electron exchange of either DMFC(nb) or [AuCl 4 ] -(w) at the gold clusters.
Moreover, [AuCl 4 ]
-(w) ions might be a subject of hydrolysis in the aqueous phase, and several other complex ionic species, with distinct redox potentials, can participate in the redox reaction with DMFC(nb). As pointed out in [39] , the hydrolysis of [AuCl 4 ] -(w) is neglegible in concentrated hydrochloride media. However, under such conditions, the instability of DMFC + (nb) is very probable, which was the reason for avoiding such medium in our experiments.
The main thermodynamic driving force for the metal deposition depends on the difference between the standard 
In the ex situ deposition protocol, the rate of the heterogeneous reaction (4) depends predominantly on the concentration of the redox partners. The ultimate amount of the metal deposit is determined by the limiting reactant, i.e., the reactant that is exhausted in the course of the reaction. Most frequently that is the DMFC(nb) (e.g., Fig. 2a ). Both concentration of the redox partners and deposition time affect the morphology of the metal deposit. Microscopic images shown on Figs. 3 and 4 indicate the deposition process commences by formation of nanometer gold clusters (Fig. 4a ) that gather together with time, thus forming a swarm-like metal deposit (Fig. 3) . As indicated by the voltammetric data shown in Fig. 2a , the metal deposit is mainly confined to the liquid interface, blocking the active surface area for the ion transfer reaction. This phenomenon produces a decrease of the voltammetric response. However, under prolonged deposition time, the density of the metal deposit increases, hindering the rate of the ion transfer reaction. This effect is manifested by the enlargement of the CV peak potential separation (curves 3 and 4 in Fig. 2a) . At sufficiently long deposition time (curve 5 in Fig. 2a) , the metal film can block completely the ion transfer reaction that results in vanishing of the voltammetric response of the modified electrode.
More appealing is the in situ electrochemical deposition protocol. In this scenario, the reactant DMFC(nb) is being electrochemically regenerated at the electrode surface in the course of the redox reaction (4), by performing a permanent cycling of the electrode potential. The redox couple DMFC (nb)/DMFC + (nb) acts as an electron shuttle from the electrode to the liquid interface to enable electrochemical deposition of gold. With the electrode potential cycling, the concentration of DMFC(nb) and DMFC + (nb) in the thin film is controlled, fluctuating periodically as dictated by the electrode reaction (2), which affects the rate of reaction (4) . Moreover, the extent of the reaction is not limited by the exhaustion of the thin film with the redox reactant, enabling the deposition process to proceed further and to be controlled electrochemically.
The gold deposit blocks partially the liquid interface, causing the diminishing of the voltammetric response with time in both CV (Fig. 5 ) and SWV (data not shown). This effect is similar to the one observed under ex situ deposition protocol. Interestingly, the net SW peak potential and the CV peak potential separation do not vary notably, revealing that the rate of the ion transfer reaction (3) is not affected as significantly as in the ex situ deposition. As can be inferred from the results presented in Fig. 6a , the amount of the gold deposit is proportional to the time of the deposition and the concentration of the redox partners. More specifically, Fig. 6b shows that the rate of metal deposit decreases exponentially with time, while being strongly sensitive to the concentration of the redox partners. Interestingly, after sufficiently long deposition time, the rate of metal deposition is reaching a constant value, regardless the concentration of the redox partners (the lower linear region of all curves in Fig. 6b ). Under such conditions, constant and stable voltammograms were obtained, without detecting any complete blocking of the liquid-liquid interface by the metal deposit. Obviously, the metal deposit obtained during in situ deposition is attributed with a morphology that allows the transfer of ions, which is opposite to the ex situ obtained deposit (compare curve 5 in Fig. 2a with the last curve in both Fig. 5 ).
At this point it is particularly important to emphasize that the in situ deposition is conducted under permanent transfer of anions across the liquid interface due to overall reaction (1). Besides, the ion transfer reaction is indispensable for the heterogeneous redox reaction (4) as well, as it maintains the charge neutrality of both liquid phases. Furthermore, the presence of the common ClO 4 − ions in both liquid phases in a large excess has a task to control the potential difference across the liquid interface, which is defined according to the following form of the Nernst equation:
As follows from Eq. 6, increasing the concentration of ClO 4 − (w) makes the inner potential in the organic phase more negative relative to the aqueous phase, causing acceleration of the electron transfer from the organic to the aqueous phase, which explains the data presented in Fig. 7 . This analysis corroborates the assumption that the redox reaction at the liquid interface is of heterogeneous nature, where the two reactants are embedded in different phases involving electron transfer across the liquid interface.
Although the blocking of the liquid-liquid interface was not observed during the in situ deposition protocol, yet the presence of gold deposit hinders the rate of ion transfer, as clearly evidenced by both cyclic (Fig. 8a) and SW voltammetry (Fig. 8b) . On the other hand, the gold particles are an effective catalyst for the electron transfer reactions at the liquid interface, as illustrated by the results in Fig. 9 . Although the exact mechanism of the catalytic effect cannot be easily revealed, we assume that the gold clusters act as bipolar electrodes wiring and accelerating the electron transfer across the liquid interface.
Conclusion
We report in this work on two different protocols to form metallic gold at a liquid-liquid interface. The gold deposit is formed via an interfacial electron exchange between two redox compounds present in conjoined immiscible liquid phases. The structure of the Au deposit depends on various factors such as the concentration ratio of both redox counterpartners, the contacting time of liquid phases, while the interfacial potential difference also plays significant role. The structure and the features of the gold deposited at the liquid-liquid interface are significantly affected by the deposition protocol. In the so-called ex situ approach, the two liquid phases with redox counter-partners dissolved in them are left to exchange electrons without applying potential from an outside source. This scenario leads to formation of a gold deposit that hinders the ion-transfer reaction across the liquid-liquid interface, as detected by the voltammetry at thin organic film-modified electrode. In the second in situ approach, an Au deposit is also formed, which shows less pronounced ion transfer hindering effect. In both scenarios, we could detect that gold nanoparticles display catalytic effects by enhancing the interfacial electron transfer reactions between the DMFC and redox substrates dissolved in the water phase. Both protocols for obtaining Au deposit at the liquid-liquid interface are simple and easily scalable. Both methods allow facile tuning of the thickness of the metallic gold. Additional studies should reveal the catalytic effects of the interfacial Au nanodeposit towards various relevant biomolecules such as DNA, coenzymes, and water soluble vitamins, which is the next task in our lab.
